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Proper formation of the bacteriophage T4 DNA polymerase holoenzyme requires a wide spectrum of protein–protein and
protein–DNA interactions among the DNA polymerase gp43, the sliding clamp gp45, and gp44/62, the clamp loader complex
(CLC). The 44 and 62 proteins associate to form a tight complex maintained in a 4:1 ratio. The 44 and 62 genes are adjacent
to each other on the T4 genome, are cotranscribed, and are translationally coupled. It has been suggested that translational
coupling may play a role in the formation of the clamp loader complex and may control its stoichiometry. To examine the
effect of coupling on the assembly of the complex, expression in trans of genes 44 and 62 was accomplished by
cotransforming Escherichia coli with compatible, inducible plasmid vectors. A gp44/62 complex could be purified from such
cells. The complex assembled in trans exhibited stoichiometry and ATPase activity identical to native complex. Burst sizes
were determined to gauge the efficiency of clamp loader complex formation. When gp44 was supplied by a plasmid and gp62
was supplied by the T4 genome, complex formation was as efficient as in wild-type virus. However, when gp62 was supplied
by plasmid and gp44 was supplied by the T4 genome, efficiency of complex formation was decreased. This decrease in the
efficiency of complex formation was temperature dependent, being more pronounced at higher temperatures. At higher
temperatures, a larger proportion of gp62 expressed from the plasmid was found to be present in an insoluble form. The
decrease in efficiency of complex formation correlated to a decrease in solubility of the gene 62 protein. © 1999 Academic PressKey Words: translational coupling; clamp loader complex; bacteriophage T4; DNA replication; translation initiation region.
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aINTRODUCTION
DNA replication occurs in a strikingly similar manner
n disparate organisms, requiring protein components
hat are comparable between viruses, eubacteria, and
ukaryotes (Kelman and O’Donnell, 1994; Kuriyan and
’Donnell, 1993, 1993; Stillman, 1994). Bacteriophage T4
as often served as the viral model system for DNA
eplication (reviewed in Nossal, 1992; Young et al., 1992).
ts key components include the DNA polymerase (gp43),
he trimeric sliding clamp (gp45), and gp44/62, the het-
ropentameric clamp loader complex (CLC). The key
unction of the CLC is to chaperone the sliding clamp to
he DNA primer–template junction (Kaboord and Benk-
vic, 1995; Reddy et al., 1995), initiating a transient open-
ng in the topologically closed ring-like sliding clamp that
esults in the deposition of gp45 around double-stranded
NA (Berdis and Benkovic, 1997; Latham et al., 1997).
his allows the sliding clamp to associate with the DNA
olymerase, tethering the polymerase to the DNA and
esulting in processive DNA synthesis (Gogol et al., 1992;
aboord and Benkovic, 1996; Reddy et al., 1993; Sexton
t al., 1996). The CLC complex possesses a low intrinsic
1 Present address: Department of Biochemistry, University of Wiscon-
in-Madison, Madison, WI 53706.
2 To whom reprint requests should be addressed. E-mail:
skr@uwm.edu.
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64TPase activity, which is stimulated by either gp45 or
NA and is stimulated synergistically by both cofactors
Jarvis et al., 1989; Mace and Alberts, 1984).
The 44 and 62 genes are directly adjacent to each
ther on the T4 genome and are arranged such that they
ay be transcribed as part of a cassette of DNA repli-
ation genes including 45, 44, 62, regA, and 43. These
enes are expressed early in the infection cycle (prerep-
icative), and their transcripts are polycistronic (Hsu and
aram, 1990). This polycistronic message is subject to
osttranscriptional processing and at least two known
orms of translational regulation: (1) repression due to
he direct binding of the regA protein to the mRNA
Wiberg and Karam, 1983; Winter et al., 1987) and (2)
ranslational coupling (see Draper, 1996; Jacques and
reyfus, 1990; McCarthy and Gualerzi, 1990 for reviews
n translational coupling). Translational coupling of
enes 44 and 62 was first proposed in 1979 to explain
olar effects of amber mutations in gene 44 on transla-
ion of gene 62 (Bowles and Karam, 1979; Karam et al.,
979). Factors that may influence the translational cou-
ling of genes 44 and 62 include the facts that the start
odon of gene 62 is one base downstream of the gene 44
top codon (Rush et al., 1989) and that the translation
nitiation region of gene 62 is weak by statistical criteria
nd may be sequestered by a putative mRNA secondary
tructure (Trojanowska et al., 1984) (Fig. 1). Recent quan-
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65ASSEMBLY OF THE T4 CLAMP LOADER COMPLEXification of coupling for this gene pair reveals that one
ourth of gene 44 translation events result in reinitiation
t gene 62, increasing its translation eightfold (Torgov et
l., 1998).
The CLC is composed of four gp44 subunits and one
ubunit of gp62 (Jarvis et al., 1989; Spicer et al., 1984).
hese subunits form an extremely tight association such
hat even though there are no disulfide bonds between
ubunits, the assembled complex dissociates only under
enaturing conditions (Barry and Alberts, 1972; Piperno
nd Alberts, 1978). The mechanism by which the tight
toichiometry and unusually strong noncovalent associ-
tion develop is unknown; however, it has been hypoth-
sized that translational coupling of genes 44 and 62
ay be involved. Proper formation of the CLC was pro-
osed to require coexpression of genes 44 and 62 (Rush
t al., 1989). Translational coupling was also cited as a
eterminant for the final subunit ratio in the CLC (Yeh et
l., 1998). A model of “translational capture” directly as-
isted by translational coupling, where gp62 associates
ith gp44 tetramers concurrent with its translation, has
lso been suggested (Yeh et al., 1998). Translational
oupling could affect complex formation in less dramatic
ays. Translational coupling could allow for optimal ori-
ntation of newly synthesized subunits for interaction
Casjens and Hendrix, 1974). It could also lead to com-
artmentalization of the newly synthesized subunits, in-
reasing the likelihood and efficiency of complex forma-
ion by decreasing diffusion distances (Gerald and
aram, 1984; Yeh et al., 1998).
Lysate complementation experiments suggest that the
LC forms inefficiently, if at all, from preformed subunits
Barry and Alberts, 1972). Gene complementation assays
ave shown that CLC activity could be detected when
ubunits were synthesized in an uncoupled manner
Karam et al., 1979; Yeh et al., 1998); however, neither the
recise biochemical properties of the complex so formed
or the efficiency of its formation has been examined. As
first step toward a complete molecular description of
he in vivo assembly pathway of the CLC, we determined
he possible effects of translational coupling on forma-
FIG. 1. Features of the gene 44-62 intercistronic region. The region of
RNA surrounding the gene 44-62 junction is shown, with factors that
ay contribute to translational coupling underlined. From left to right,
hey are the putative gene 62 Shine-Dalgarno site (SD), the gene 44
top codon, and the gene 62 start codon 1 base downstream. An
mperfect inverted repeat, which may sequester the gene 62 translation
nitiation region in a stem-loop structure, is indicated with arrows.ion of the CLC. Genes 44 and 62 were physically un- toupled, and the complex formed when these genes
ere expressed in trans was examined. We found that
ranslational coupling is not directly involved in the as-
embly of a native-like gp44/62 complex possessing
orrect stoichiometry. However, we did find that tran-
criptional and/or translational coupling aided in the
fficiency with which the CLC formed. Furthermore, the
oupling of gene 62 translation with that of gene 44 was
hown to decrease insolubility of gp62.
RESULTS
ubunit expression
Expression vectors for the CLC subunits were con-
tructed using compatible vectors from the pBAD series
Guzman et al., 1995), with the gene of interest cloned
ownstream of the arabinose-inducible araBAD pro-
oter. One of the reasons the pBAD series was chosen
as the tight control of gene expression the system
ffords, resulting in very low levels of uninduced gene
xpression. Second, because the pBAD promoter is
eaker than the normal PLAC derivatives, problems deriv-
ng from massive overproduction of proteins may be
lleviated. We rationalized that unlike “traditional” over-
xpression systems, the combination of these two fea-
ures would result in a mode of expression that would
ore closely resemble that seen in viral infections.
The plasmid pCLC44 was created by cloning gene 44
nto pBAD24, a vector containing the pBR322 origin of
eplication and the ampicillin resistance gene. Gene 62,
odified to contain an enhanced Shine-Dalgarno (SD)
equence, was cloned into pBAD33. The resulting vector,
CLC62, contained the pACYC184 origin of replication
nd the chloramphenicol resistance gene. Escherichia
oli strain LMG194, which cannot metabolize arabinose,
as used for all transformations. Single transformations
ere performed with each plasmid. A cotransformant,
hich expressed both the clamp loader subunits in
rans, was also obtained. For use in the cotransformant,
ene 44 was placed into the plasmid of higher copy
umber to reflect the higher proportion of this protein in
he native CLC. When induced, pCLC44, pCLC62, and
he cotransformant produced large amounts of protein;
owever, only a fraction of the protein produced from
CLC62 was soluble. The amount of soluble gp62 that
ould be accumulated was temperature dependent. Fol-
owing established methods (Marsten, 1987), insoluble
p62 was rigorously identified to be present in inclusion
odies. The inclusion bodies sedimented under surpris-
ngly low forces and could be isolated by centrifugation
t approximately 1000g (results not shown).
omplex purification
When expressed in a translationally coupled manner,
he tight association formed between the 44 and 62 gene
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66 JANZEN ET AL.roducts allows for the copurification of these two pro-
eins. To determine whether complementation of the 44
nd 62 genes was due to a stable protein association, or
nstead to a more transient interaction, we expressed the
4 and 62 subunits in trans using the cotransformed cells
nd observed the behavior of the resulting complex over
number of chromatographic steps. We merged the
urification methods of Morris et al. (1979) and Yao et al.
1996) because this combination would test the behavior
f the complex on a wide range of chromatographic
atrices. If the gp44/62 assembled in trans was stable,
he protocol would result in purified CLC. Additional
dvantages of the combined methods over either single
ethod included the necessity for only one dialysis step
nd that all media used could be purchased prepacked
nd stored on a long-term basis. We found that the 44
nd 62 subunits expressed in trans did form a stable
LC and copurified through the following chromato-
raphic steps: (1) diethylaminoethyl, (2) heparin, (3) hy-
roxylapatite, and (4) quaternary amine (Fig. 2, lanes
–6). The protocol yielded approximately 30 mg of more
han 95% pure CLC from 2 liters of induced cells, indi-
ating that a substantial fraction of the subunits synthe-
ized formed a stable interaction. This gp44/62 prepara-
ion was termed the “cotransformant complex.”
FIG. 2. Purification of gp44/62 from the cotransformant. The gp44/62
lamp loader complex was purified to more than 95% purity from the
otransformant, which expresses the gp44 and gp62 subunits in an
ncoupled manner. Cells harboring the two compatible plasmids
CLC44 (gene 44) and pCLC62 (gene 62) were induced with arabinose
nd used as the starting material for the purification of the gp44/62
omplex. Equal amounts of protein (2.5 mg) from each stage of purifi-
ation were loaded in adjacent lanes on a 15% SDS-gel, followed by
isualization with Coomassie blue stain. The fractions analyzed were
he cell lysate (lane 2), the DEAE-cellulose flowthrough (lane 3), the
eparin pool (lane 4), the hydroxylapatite pool (lane 5), and the PO-
OS-Q pool (lane 6). Purified gp44/62 complex, obtained from pTL151
sing the identical purification scheme, is shown in (lane 7). Molecular
eight markers (Bio-Rad) with their molecular weights indicated on the
eft are shown in lane 1.Vector pTL151WX (Rush et al., 1989) contains a cas- rette of replication genes taken directly from the T4
enome, in which genes 44 and 62 are translationally
oupled. For comparison purposes, CLC expressed from
his vector was purified via the same protocol as used for
he cotransformant. The gp44/62 complex isolated from
TL151WX was termed the “native complex” (Fig. 2, lane
). The cotransformant and native complexes behaved
dentically at all chromatographic steps, suggesting that
hey possessed the same isoelectric points.
iochemical characteristics of the cotransformant
omplex
Because translation coupling has been cited as a
eterminant of the gp44/62 stoichiometry, we were inter-
sted in the subunit composition of the cotransformant
omplex. Varying amounts of purified cotransformant or
ative complex were separated via SDS–PAGE and
tained with Coomassie blue (Fig. 3). For each sample,
he optical densities of the gp44 and gp62 bands were
easured and expressed as a ratio. The optical density
atio of the gp44 to gp62 band was 4.7 6 1.4:1 for the
otransformant complex. Native complex yielded the
ame ratio within experimental error, 5.0 6 0.8:1, sug-
esting that the stoichiometry of the cotransformant
omplex is consistent with that of the native complex.
hus translational coupling need not be invoked to ex-
lain stoichiometry of the CLC.
The gp44/62 complex possesses a low intrinsic AT-
ase activity that resides in the gp44 subunits (Rush et
l., 1989). The ATPase activity of the complex is stimu-
ated by DNA or gp45 (Jarvis et al., 1989). When both
ofactors are present, the stimulation is synergistic
Mace and Alberts, 1984). Tetramers of gp44 exhibit an
TPase stimulation pattern that differs significantly from
hat of the CLC (Rush et al., 1989; unpublished results). It
s believed that stimulation by gp45 is mediated through
he gp62 subunit (Berdis and Benkovic, 1996; Rush et al.,
989). We determined the ATPase activity of the cotrans-
ormant complex in the absence and presence of cofac-
ors as a test for correct subunit association. The ATPase
FIG. 3. Estimation of the gp44-to-gp62 ratio. Either 2.25 (lanes 1 and
), 1.25 (lane 2 and 5), or 0.75 (lane 3 and 6) mg of either native (lanes
–3) or cotransformant (lanes 4–6) complex were separated via SDS–
AGE using a 12% gel and visualized using Coomassie blue. The ratios
f the optical densities of the two bands for each lane were calculated
s described in Materials and Methods to give a measure of theelative concentration of gp62 versus gp44.
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67ASSEMBLY OF THE T4 CLAMP LOADER COMPLEXctivity of native and cotransformant complex was deter-
ined spectrophotometrically at 37°C using a coupled-
nzyme assay (Jarvis et al., 1989; Sexton et al., 1996) and
toichiometric amounts (1:1) of gp44/62 complex to gp45
rimers. The cotransformant exhibited a low intrinsic ATP
ydrolysis rate, identical to that of the native complex
Table 1). The ATPase activity of the cotransformant was
timulated approximately 12-fold by the presence of
p45 or DNA and was stimulated 430-fold when both
ofactors were present. The pattern of ATP hydrolysis
timulation by cofactors was similar for both the native
nd cotransformant complexes. The ATP hydrolysis data
ere consistent with known values for the native com-
lex (Berdis and Benkovic, 1996; Jarvis et al., 1989).
omplementation burst sizes
As one possible gauge by which to estimate the effi-
iency of CLC formation, burst sizes were determined for
4 infections in which genes 44 and 62 were expressed
n either a cis or trans genomic configuration. The first
ase examined was when gene 44 was plasmid-derived,
hereas gene 62 was supplied by the viral genome
uncoupled translation). At either 37°C or 25°C, the burst
ize obtained for the complementation is nearly identical
o the wild type (coupled translation) (Fig. 4). This was
ot true for the opposite case, where gene 62 was
lasmid derived and gene 44 was of genomic origin. At
7°C, the burst size obtained for the complementation
as approximately one half that of wild type at the same
emperature. When the experiment was repeated at
5°C, the complementation burst size rose to nearly 80%
f the wild-type burst. Burst sizes were also determined
t 37°C for the wild-type infection carried out when either
p44 or gp62 was concurrently expressed from plasmid.
n both of these cases of coupled translation, the burst
izes were found to be unaffected by overexpression of
ne of the subunits. Recombination occurred at a fre-
uency of less than 1% for all complementation trials
T
Comparison of the ATPase Activity fo
Cofactor pTL151
DNA gp45 Rate (nM/s)
2 2 3.96 6 2.29
2 1 35.1 6 4.3
1 2 39.6 6 1.5
1 1 1450 6 200
The rates and kcat values were determined under steady-state con
epeated at least three times. Uncertainty is expressed as 1 SD.results not shown). bConsidering the fact that gene 62 was induced before
nfection, the temperature-dependent decrease in burst
ize for the complementation of gp62 from plasmid could
e explained by the solubility of gp62. We examined the
mount of total and soluble gp62 produced by pCLC62
rom a 10-min induction at 37°C and a 20-min induction
t 25°C via Western analysis (Fig. 5A). At 25°C, 70 6 5%
f the total gp62 synthesized was present in a soluble
orm. The amount of soluble gp62 produced dropped to
1 6 3% when the induction was carried out at 37°C.
urprisingly, about twofold more gp62 was produced
uring the induction at 25°C than at 37°C; thus the
ecreased proportion of soluble gp62 at 37°C repre-
ented an overall decrease in the solubility of this protein
t the higher temperature. The decrease in efficiency of
/62 Obtained from Different Sources
Pase stimulation: 44/62 protein source
pCLC44/pCLC62
at (s
21) Rate (nM/s) kcat (s
21)
6 0.009 3.97 6 3.07 0.015 6 0.012
6 0.01 47.2 6 16.1 0.18 6 0.06
6 0.006 48.4 6 3.2 0.194 6 0.013
6 0.81 1730 6 47 6.93 6 0.19
as described in Materials and Methods. The measurements were
FIG. 4. Complementation burst sizes. Burst sizes determined at
ither 37°C (open bars) or 25°C (shaded bars) were expressed as a
ercentage of the wild-type burst at each temperature. The virus used
or each infection is shown above the graph: wild type (wt), the 62
mber mutant 62amE1140 (am62), or the 44 amber mutant 44amN82
am44). Plasmid induced to complement each infection is indicatedABLE 1
r gp44
AT
kc
0.015
0.14
0.158
5.81
ditionselow the graph. Error bars represent the 90% confidence interval.
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68 JANZEN ET AL.LC formation as measured by burst size correlated to
he decreased solubility of gp62.
he solubility of gp62 when gp44 subunits are
oexpressed
To determine whether gp62 still exhibited a tempera-
ure-dependent insolubility when gp44 subunits were
xpressed concurrently, we repeated the experiment
ith the cotransformant (Fig. 5B). Bearing in mind the
opy number of the vectors used, the gene dosage
hould be on the order of 5:1 gene 44/gene 62. Assuming
imilar transcription and translation rates, the cotrans-
ormant should represent uncoupled translation of CLC
ubunits with approximate stoichiometry. In this case, we
bserved a higher overall yield of gp62 at either temper-
ture, with the level of gp62 produced at 37°C exceeding
hat found at 25°C. The solubility of gp62 increased at
FIG. 5. Solubility study of gp62. E. coli LMG194 cells harboring either
CLC62 (A) or pCLC62 and pCLC44 (B) were induced, or LMG194 cells
ere infected with T4 45amE10 (C) and lysed as described in Materials
nd Methods. Each induction or infection was performed in triplicate.
he samples were fractionated by SDS–PAGE on a 15% gel. The gp62
as immunoblotted, detected via chemiluminescence, and quantified
sing NIH Image. The arrowhead indicates the position of gp62. The
anes are marked as follows: M, gp44/62; UN, uninduced cells; T and S,
otal and soluble fraction at 25°C and 37°C, respectively. Only relevant
ortions of the blots are shown.oth temperatures when gene 44 was translated concur- eently. However, although 96 6 4% of gp62 produced at
5°C was soluble, only 76 6 9% of the gp62 was found
o be soluble when the cotransformant was induced at
7°C. The experiment was also repeated using T4 infec-
ions to examine the solubility of gp62 under conditions
f translational coupling (Fig. 5C). The gene 45 amber T4
utant 45amE10 was chosen to avoid the switch to late
ene expression. gp62 was soluble at both temperatures
sed for infection: 105 6 9% at 25°C and 100 6 5% at
7°C. Thus gp62 exhibits an insolubility that is enhanced
t higher temperatures, even when gp44 is present in
ufficient amounts. The results suggest that uncoupled
ranslation of gene 62 results in a lower solubility for the
rotein than does the case of coupled translation.
DISCUSSION
To determine the effect or effects of translational cou-
ling on the formation of the gp44/62 complex in vivo, we
hysically uncoupled the two genes and examined the
esulting CLC. Previous studies had shown that gene 44
nd 62 amber mutations could complement each other;
owever, although functional complementation was pre-
umed to reflect the formation of a native-like CLC, this
oint has never been rigorously established until this
urrent study.
Using an optimized chromatographic protocol, we
ere able to purify the CLC from subunits expressed in
rans. The subunits, which have different isoelectric
oints than the complex (Rush et al., 1989), remained
ssociated through dilution and dialysis and over four
hromatographic steps (see Fig. 2). This suggests the
ormation of the tight association observed in the native
p44/62 complex. Viral gp44/62 exhibits a fixed 4:1 stoi-
hiometry. The cotransformed cells lacked tight control
ver the amounts of subunits produced, yet CLC purified
rom the cotransformant possessed stoichiometry con-
istent with that of the native complex (Fig. 3).
Cotransformant CLC exhibited an ATPase activity (see
able 1) with a cofactor stimulation pattern and magni-
ude similar to that of native CLC. Tetrameric gp44 ex-
ibits a different cofactor stimulation pattern, being stim-
lated to a higher degree by DNA and to a much lower
egree by gp45 and exhibiting little to no synergism in
he presence of both cofactors (Rush et al., 1989; unpub-
ished results). Furthermore, the gp62 subunit is thought
o mediate stimulation of the ATPase activity by gp45.
ecause the cotransformant complex exhibited cofactor
timulation identical to that of native complex, it appears
hat the subunits of the cotransformant CLC possess the
orrect spatial orientation with respect to each other.
Complementation burst sizes revealed that plasmid-
erived gp44 could efficiently associate with genomically
roduced gp62. The reverse case of plasmid-derived
p62 and genome-supplied gp44 showed a decrease in
fficiency of CLC formation as judged by a 50% decrease
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69ASSEMBLY OF THE T4 CLAMP LOADER COMPLEXn burst size. At first, a twofold decrease in burst size
Fig. 4) may not seem highly significant. However, it is
mportant to keep in mind that the CLC possesses cat-
lytic activity (Kaboord and Benkovic, 1995). For instance,
ven with 100% efficient complex formation, there is a
educed amount of CLC present in the gene 44 amber
omplementation. In particular, we recently established
hat the gene 44 amber mutant produced eightfold less
p62 than wild-type virus (Torgov et al., 1998). Yet, due to
he catalytic nature of the CLC, wild-type burst sizes are
till recorded. Thus we estimate that the twofold de-
rease in burst sizes at 37°C, observed when gp62 is
lasmid-derived, represents at least a 20-fold decrease
n the amount of CLC formed. Finally, in light of the notion
hat the evolution of T4 was selected “to allow for wide
ariations in gene product dosage without causing ad-
erse effects on organismal survival” (Yeh et al., 1998),
hen a twofold decrease in burst size should in fact be
iewed as significant.
At 37°C, burst sizes for the complementation of the
mber mutation in gene 62 by pCLC62 was approxi-
ately one half of wild type. A possible explanation for
he result was that induced gp62, especially that induced
efore infection, was mostly insoluble. gp62 could be
equestered into inclusion bodies before encountering
nd interacting with gp44 subunits. It was also possible
hat partially formed CLC was pulled into the inclusion
odies via the gp62 subunit. Because the solubility of
p62 is temperature-dependent, we anticipated that de-
reasing the temperature at which the complementation
as performed would increase the burst size obtained.
his was found to be the case when the complementa-
ion was repeated at 25°C. Western analysis (Fig. 5)
onfirmed that the levels of soluble gp62 were indeed
ifferent under the two assay conditions. We recognize
hat the insolubility of gp62 is a result of our assay
esign. In plasmid pCLC62, gene 62 is under the influ-
nce of a synthetic SD sequence. Translation of gene 62
rom the synthetic construct is greatly enhanced com-
ared with translation using the natural sequence (re-
ults not shown). Thus insolubility brought on by high
evels of gp62 is an artificial situation. Insolubility of gp62
hen expressed in large amounts may have acted as a
onstraint during evolution, leading to the selection of a
eak translation initiation region for gene 62.
Wild-type infections at 37°C where pCLC62 was in-
uced produced unaltered burst sizes. At this tempera-
ure, the majority of the gp62 produced was sequestered
s inclusion bodies, yet efficient CLC formation occurred.
ossibly, gp62 synthesized from the coupled gene pair
ncounters gp44 subunits, and the complex is able to
ully form before encountering other gp62 subunits and
ggregating. As such, complexation of gp62 by gp44
ncreases the solubility of the gp62 subunits. It appears
hat coupling (either transcriptional, translational, or soth) increases the efficiency of CLC formation by com-
artmentalizing the subunits.
Alternative explanations for the altered burst sizes
ound with plasmid-derived gp62, such as “squelching,”
o not match our observations. The phenomenon of
quelching occurs when an overexpressed protein ti-
rates away interacting factors from their normal targets
Hurley et al., 1993). In this scenario, excess gp62 would
itrate DNA replication proteins away from assembly of
he DNA replication machinery. This does not appear to
e operating for the burst size results. First, under the
urst size conditions, a greater amount of gp62 was
xpressed at 25°C, where the larger burst size was
ound. After infection with T4, nonviral DNA is degraded
y T4 nucleases. Thus it is doubtful that the level of gp62
roduced in the 37°C complementation greatly exceeds
hat observed at 25°C. Furthermore, gp62 interacts
eakly with T4 proteins other than gp44 (Jarvis et al.,
989), so it is unlikely that excess gp62 could effectively
itrate away DNA replication proteins. Another possible
xplanation was interference in complex formation by
he truncated 62 protein. This prospect was eliminated
s it should not exhibit any temperature dependence.
Rush et al. (1989) observed that gp62, when expressed
y itself, accumulated to lower levels than when ex-
ressed in the presence of gp44. It was proposed that
hen gp62 is present without gp44, it was more suscep-
ible to proteolysis (Rush et al., 1989). The levels of gp62
bserved in our Western blots of pCLC62 and pCLC62/
CLC44 agree with this supposition. It seems probable
hat proteolysis was the cause for lowered levels of gp62
t 37°C compared with 25°C when expression occurred
rom pCLC62. However, even with proteolysis, there was
till a pool of soluble gp62 detectable for expression
rom pCLC62. The complementation of T4 44amN82
howed that little soluble gp62 is necessary for normal
urst sizes (one eighth of normal gp62 levels sufficed).
ne tenth of the gp62 expressed from pCLC62, which
as higher transcription levels than the virus, should be
ufficient for normal burst size production.
As our studies were concluding, the Karam laboratory
eported complementation of gene 44 and gene 62 am-
er mutations with their respective plasmid-derived gene
roducts (Yeh et al., 1998). Yeh and colleagues noted a
ossible reduction in burst size of 44amN82 comple-
ented by plasmid-derived gp44, attributed to polarity of
he amber mutation in gene 44 on gene 62 translation.
lthough we did not find this to be the case at 37°C,
here was a small reduction in burst size at 25°C.
omplementation of the 62 amber mutation by plasmid-
erived gp62 at 30°C yielded burst sizes near wild-type
or Yeh and colleagues. Our results indicated a burst size
ower than wild type, even at 25°C. It is possible that
hese discrepancies reflect differences in the method
sed for determination of burst size: superinfection ver-
us single-round infection (our current study). Yeh and
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70 JANZEN ET AL.olleagues suggested that translational coupling pro-
ides the advantage of decreasing diffusion distances.
ur evidence supports this proposition. However, our
vidence contradicts their statement that translational
oupling is a determinant for the stoichiometry of the
omplex formed. The complementation assays of Yeh
nd colleagues showed that chimeric RB69 (a phage
elated to T4) and T4 gp44/62 complexes yielded re-
uced burst sizes, theorized to be due to differing rec-
gnition specificities between noncognate CLC sub-
nits. Although this is undoubtedly a large reason for
educed burst sizes, our study demonstrates that con-
lusions based on complementation may be affected by
olubilities of individual subunits, especially when pro-
uced from strong overexpressing vectors.
MATERIALS AND METHODS
eagents
Cartridge-purified oligonucleotides for PCR primers
ere purchased from Genosys (URL: genosys.com).
cono-Pac cartridges were from Bio-Rad (URL: biorad.
om). Luria Bertani-Miller (LB) broth, LB agar, and tryp-
one were from Difco Laboratories (URL: difco.com). Re-
triction endonucleases, agar, and nitrocellulose mem-
rane were from Life Technologies, Inc. (URL: lifetech.
om). L-Arabinose (99%1) was from Pfanstiehl (URL:
fanstiehl.com). T4 DNA ligase was from Promega (URL:
romega.com). Taq polymerase was from Boehringer
annheim (URL: biochem.boehringer-mannheim.com).
Nase I was from Worthington Biochemicals (URL:
orthington-biochem.com). Chicken egg white lysozyme
as from Calbiochem (URL: calbiochem.com). Slide-A-
yzer dialysis cassettes were obtained from Pierce (URL:
iercenet.com). All other biochemicals and chemicals
ere obtained from Fisher (URL: fisher1.com), Sigma
URL: sigma.sial.com), or Spectrum (URL: spectrum-
hemical.com) and were of the highest grade available.
acteria, plasmids, phages, and growth conditions
The gp44/62-overproducing strain (harboring plasmid
TL151WX) was obtained from W. Konigsberg (Yale Uni-
ersity). The arabinose-inducible expression vectors
pBAD18, pBAD24, and pBAD33), as well as E. coli strain
MG194 [F- DlacX74 galE galK thi rpsL DphoA (PvuII)
ara714 leu::Tn10], were donated by the laboratory of J.
eckwith (Harvard University). The amber suppressor E.
oli Nap IV sup1 [BE hsdMK
1 hsdRK
2 hsdSK
1 mal1 -lSrg1
hi] and the wild-type strain of T4 (T4D1) were donated by
. Gauss (Western Colorado State College). Phage T4
ontaining an amber mutation in either gene 44
44amN82), gene 62 (62amE1165), or gene 45 (45amE10)
ere obtained from N. Nossal (National Institutes of
ealth). Except where noted, bacteria were grown at
7°C with shaking at 200 rpm in baffled flasks. Bacteria- vontaining plasmids were grown in either the presence
f 100 mg/ml sodium salt ampicillin or 20 mg/ml chlor-
mphenicol. LB broth and LB agar were prepared ac-
ording to the manufacturer’s instructions. Tryptone top
gar (TTA) and glycerol casamino acids (GCA) were
repared as described (Carlson and Miller, 1994). TTA
upplemented with arabinose contained 0.2% arabinose
n place of glucose. All plates used in the burst size
xperiments were inverted and incubated overnight at
7°C.
onstruction of pCLC62 and pCLC44
T4 gene 62 was amplified from the plasmid pTL151WX
y the PCR using Taq DNA polymerase according to the
anufacturer’s instructions. The forward (sense) primer
ad the sequence 59-AGGAGGAATTCATGAGCTTATTT-39
nd introduced an optimized RBS (underlined in the
rimer sequence) five bases upstream of the start codon.
he reverse (antisense) primer had the sequence 59-
TACCATTCCAATGCTAGTTTTTTG-39 and was directly
omplementary to the terminal 25 bp of the 62 gene. The
CR product was T-A cloned by direct ligation into
GEM-T vector (Promega). Ligation products were used
o transform E. coli, and recombinant plasmids with gene
2 appropriately oriented were identified, purified, and
igested with NcoI. The overhang was filled-in using the
lenow fragment to yield a blunt end, and the plasmid
hen was digested with SalI. The fragment containing
ene 62 was gel-purified and ligated into pBAD18 linear-
zed with SmaI and SalI. The resulting plasmid was
amed pCLC62syn. KpnI and SalI were used to digest
oth pCLC62syn and pBAD33. The fragment of
CLC62syn containing gene 62 was gel-purified and
igated into the digested pBAD33 to form pCLC62.
T4 gene 44 was amplified from pTL151WX by the
CR. The forward primer had the sequence 59-AG-
AATTCTTATGATTACTGTAAATG-39 and introduced an
coRI restriction site (bold) before the start codon. The
everse primer had the sequence 59-AGGTACCTCACT-
CCACTGCATTTC-39 and introduced a KpnI site (bold)
t the end of the gene. Both the PCR product and
BAD24 were digested with EcoRI and KpnI. Gene 44
as gel-purified and ligated into pBAD24 to form
CLC44. This strategy places an optimized SD
present in the pBAD24 vector) seven bases upstream
f the gene 44 start codon.
Purified recombinant plasmids were used to transform
MG194 cells that were made competent using the
hemical procedure of Nishimura et al. (1990). All plas-
id constructs were verified by dideoxy sequencing on
n ABI automated DNA sequencer run by the Depart-
ent of Biological Sciences DNA Sequencing Lab (Uni-ersity of Wisconsin-Milwaukee).
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71ASSEMBLY OF THE T4 CLAMP LOADER COMPLEXurification of native and cotransformant gp44/62
Induction. The cotransformed cells harboring plasmids
CLC44 and pCLC62, or cells containing pTL151WX,
ere grown at 37°C to an OD600 of ;1.0 in LB broth
ontaining appropriate antibiotics. At this point, genes 44
nd 62 were induced by the addition of arabinose to a
inal concentration of 0.2%. The induction was allowed to
roceed for 1 h and immediately quenched by pouring
ver ice. The induced cells were harvested by centrifu-
ation in a Sorvall GSA rotor at 9000 rpm (13,000g) for 5
in at 4°C. The resulting pellets were resuspended in
ce-cold 50 mM Tris-Cl (pH 7.5) and 2 mM EDTA and then
ecentrifuged in an SS-34 Sorvall rotor at 10,000 rpm
12,000g) for 10 min at 4°C. The induced cells were
tored at 280°C.
Buffers. All pH values were measured at 20°C. The
ysis buffer consisted of 25 mM 3-(N-morpholino)pro-
anesulfonic acid (MOPS) (pH 7.2), 1 mM EDTA, 5 mM
ithiothreitol (DTT), and 5% glycerol. Buffer A consisted of
5 mM MOPS (pH 7.2), 1 mM EDTA, 1 mM DTT, and 10%
lycerol. Buffer B1 consisted of 25 mM MOPS (pH 7.2), 1
M EDTA, 1 mM DTT, 0.1% Nonidet P-40, 10% glycerol,
nd 40 mM NaCl. Buffer B2 consisted of 25 mM MOPS
pH 7.2), 1 mM DTT, 250 mM NaCl, and 10% glycerol.
uffer C1 was the same as B2 buffer with 100 mM NaCl.
uffer C2 consisted of 200 mM potassium phosphate (pH
.0), 1 mM DTT, 5 mM MgSO4, and 10% glycerol. Buffer D1
onsisted of 20 mM Tris-Cl (pH 8.4), 0.5 mM EDTA, 1 mM
TT, 2.5 mM MgSO4, and 10% glycerol. Buffer D2 was the
ame as buffer D1 with 400 mM NaCl. Storage buffer
onsisted of 50 mM potassium phosphate (pH 7.0), 5 mM
gSO4, 1 mM DTT, and 50% glycerol.
Lysis. All steps were performed in an ice bath except
here noted. A frozen cell pellet (;5 g) from 2 liters of
rabinose-induced cotransformed LMG194 cells was
hawed at room temperature for 20 min. The cells were
esuspended in 25 ml of ice-cold lysis buffer. Lysozyme,
reshly dissolved in 1 ml of the lysis buffer, was then
dded to a final concentration of 0.1 mg/ml. A protease
nhibitor cocktail tablet (Boehringer Mannheim) was dis-
olved in 5 ml of lysis buffer and added to the cell lysate.
fter 1 h of gentle stirring, Nonidet P-40 was added to a
inal concentration of 0.2%, and the suspension was
tirred for an additional 30 min. The cells were then lysed
y three rounds of freeze-thaw in a dry ice/ethanol bath.
t this point, the viscosity of the solution was reduced by
igestion of DNA by DNase I at a final concentration of
0 mg/ml for 30 min. The lysate was then centrifuged for
5 min at 16,000 rpm (30,000g) in a Sorvall SS-34 rotor at
°C. The supernatant was recovered and recentrifuged
or 2 h at 33,000 rpm (130,000g) in a Beckman Ti70 rotor
t 4°C. The supernatant from this step was filtered (0.2
m) and designated as “cleared lysate.”
Chromatography. All purification steps were carriedut at 4°C. Column chromatography was performed us- dng a ConSep LC100 combination dynamic mixer and
ump (Millipore) to give typical flow rates 0.5 to 1.0
l/min. Aliquots of eluted fractions were assayed by
DS–PAGE using a 12% (37.5:1) resolving gel with a 4.5%
tacking gel. After electrophoresis, proteins were visual-
zed by Coomassie blue (G-250) or silver staining. Iden-
ification of the position of elution by changes in ionic
trength was determined from the percent of elution
uffer as recorded by the ConSep LC100 per fraction
umber. Protein concentrations were determined by the
ethod of Bradford (1976).
DEAE-cellulose chromatography. The cleared lysate
as applied to a DE52 (Whatman) column equilibrated in
uffer A. The column (1 3 29 cm) had a packed bed
olume of 23 ml. After loading was complete, the column
as washed with two bed volumes of buffer A. The DEAE
lowthrough, containing the majority of proteins including
he gp44/62 complex, was collected.
Heparin chromatography. The flowthrough from the
EAE column was directly applied onto a Econo-Pac
eparin cartridge (5 ml) that was equilibrated in buffer B1.
he column was washed with 10 ml of the same buffer
ollowed by the application of a linear salt gradient (20
olumn volumes) from 0% to 100% buffer B2. The 44/62
omplex was eluted from the column at approximately
30 mM NaCl. The complex-containing fractions were
ooled.
Hydroxylapatite chromatography. The heparin pool
as loaded directly onto a Econo-Pac hydroxylapatite
artridge column (5 ml) equilibrated in buffer C1. The
olumn was washed with 10 ml of the same buffer
ollowed by the application of a linear salt gradient (20
olumn volumes) from 0% to 100% buffer C2. The 44/62
omplex was eluted from the column at approximately 70
M phosphate. The complex-containing fractions were
ooled.
Q chromatography. The hydroxylapatite peak fractions
ere placed into a dialysis cassette (10,000 molecular
eight cutoff) and dialyzed against three changes (0.7
iter each) of buffer D1 (12 h total). This fraction was then
pplied to a POROS 50 (PerSeptive Biosystems; URL:
bio.com) HQ quaternary amine column with packed
olume of 2 ml, which was prepared according to the
anufacturer’s instructions and equilibrated in D1 buffer.
fter the column was washed with 5 ml of the same
uffer, the 44/62 complex was eluted with a linear gra-
ient (20 column volumes) from 0% to 100% buffer D2;
lution occurred at approximately 120 mM NaCl. The
urified gp44/62 was dialyzed into storage buffer and
laced at 220°C.
TPase assays
A coupled-enzyme assay system consisting of 3 mM
hosphoenolpyruvate, 140 mM NADH, 10 units of lactate
ehydrogenase, and 10 units of pyruvate kinase was
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72 JANZEN ET AL.sed to monitor the formation of ADP by the disappear-
nce of NADH. This allows a determination of the steady-
tate rate of ATP hydrolysis by the 44/62 ATPase through
inear regression analysis of the data. The decrease in
ADH was monitored at 340 nm using a 8451A spectro-
hotometer (Hewlett Packard). All values (Table 1) are
he average of at least three trials, with the experimental
rror expressed as sample standard deviation. To facil-
tate comparison with published work on ATP require-
ents for T4 holoenzyme formation, the assays were
erformed in buffer containing 25 mM TrisOAc (pH 7.5),
50 mM KOAc, 10 mM Mg(OAc)2, 2 mM DTT, and 1 mM
TP. Temperature was maintained at 37°C using a cir-
ulating water bath. The reaction cuvette was 1 cm in
ath length and 1 ml in volume. The concentrations of the
4/62 protein and the 45 protein were maintained at 250
M. DNA template formed by sonication of fish sperm
NA (Spectrum) was 250 mM (in nucleotides).
stimation of the ratio of gp44 to gp62
Several different known amounts of the purified 44/62
omplexes, obtained from either the cotransformant
pCLC44/pCLC62) or pTL151WX, were analyzed by 12%
DS–PAGE. After electrophoresis, proteins were visual-
zed by Coomassie blue staining. The stained bands
ere scanned on a Color One Scanner (Apple) set on
00 dots-per-inch resolution in the gray-scale mode. The
canned images were converted to a histogram with NIH
mage 1.62 software through which the optical density
ould be plotted as a response profile as described by
orgov et al. (1998).
urst size complementation assays
E. coli LMG194 cells containing no plasmid, pCLC44
nly, and pCLC62 only were grown in GCA with appro-
riate antibiotics to approximately 4 3 108 colony-form-
ng units/ml. Cloned T4 gene products were induced by
he addition of arabinose to a final concentration of 0.2%.
n all trials, plasmid-less LMG194 was mock-induced
sing the same conditions used for plasmid-containing
ells. For experiments performed at 37°C, bacteria were
nduced for 10 min at 37°C, and infections were allowed
o proceed for 1 h. For experiments performed at 25°C,
acteria were allowed to cool to room temperature in a
ater bath before induction and were induced for 20 min
t 25°C. Infections at this temperature were allowed to
roceed for 4 h. The burst size experiment was per-
ormed according to the protocol for single-step growth
Carlson, 1994), except that samples were taken only at
he beginning and the end of the infection cycle. All
amples were plated in triplicate, using NapIV sup1 as
ndicator. After subtracting unabsorbed phage, burst size
as determined by dividing the number of progeny
hage by the number of infective centers. For each trial,reference burst size of wild-type T4 in LMG194 waseasured, and the burst sizes of phage in plasmid-
ontaining bacteria were expressed as percent of this
alue. The frequency of recombination of amber mutant
hages with plasmids (as measured by plating progeny
n a nonsuppressing host) was too low to significantly
hange the burst size results (data not shown). Each set
f experiments was performed at least in triplicate. Re-
orted errors represent 90% confidence intervals.
easurement of gp62 solubility
For inductions, E. coli LMG194 containing either
CLC62 or both pCLC62 and pCLC44 were grown and
nduced as described for the burst size experiments
bove. For infections, E. coli LMG94 was grown to ap-
roximately 3 3 108 cells/ml and then infected with T4
5amE10 at an m.o.i. of 5 for 20 min at 25°C or 10 min at
7°C. After induction or infection, the cultures were im-
ediately placed on ice. Samples of 2 ml were taken
rom each culture and centrifuged for 10 min in a mi-
rofuge at 15,000g, 4°C. The resulting pellets were lysed
n 100 ml of lysis buffer [25 mM MOPS (pH 7.5), 50 mM
aCl, 5 mM DTT, 2 mM EDTA, 1 mM phenylmethylsulfo-
yl fluoride, 0.1 mg/ml lysozyme, 0.2% Nonidet P-40, 5%
lycerol] and incubated on ice for 1.5 h with occasional
ortexing. DNA was digested by the addition of 3 ml of 2
g/ml DNase I in 0.3 M CaCl2 and incubation on ice for
h. A fraction was reserved and designated “total ly-
ate.” The remainder of the lysate was centrifuged for 15
in at 15,000g, 4°C. The supernatant was designated as
he “soluble fraction.” Equal amounts of the total lysates
nd the soluble fractions were fractionated via discon-
inuous SDS–PAGE on a 15% minigel and immunoblotted
xactly as described in Torgov et al. (1998).
ACKNOWLEDGMENTS
This work was supported by an NSF Early Faculty Career Award
MCB-9506139) to M.K.R. M.K.R is a Shaw Scientist (Milwaukee Foun-
ation). We gratefully acknowledge all of the scientists (see “Material
nd Methods”) who generously donated phage, plasmids, and bacteria.
e especially thank Dr. L.-M. Guzman for her assistance in obtaining
he pBAD system. We acknowledge the technical assistance of C.
ritzlaff. M.K.R thanks Gul Afshan for her invaluable guidance and
upport.
REFERENCES
arry, J., and Alberts, B. (1972). In vitro complementation as an assay for
new proteins required for bacteriophage T4 DNA replication: Purifi-
cation of the complex specified by T4 genes 44 and 62. Proc. Natl.
Acad. Sci. USA 69, 2717–2721.
erdis, A. J., and Benkovic, S. J. (1996). Role of adenosine 59-triphos-
phate hydrolysis in the assembly of the bacteriophage T4 DNA
replication holoenzyme complex. Biochemistry 35, 9253–9265.
erdis, A. J., and Benkovic, S. J. (1997). Mechanism of bacteriophage T4
DNA holoenzyme assembly: The 44/62 protein acts as a molecular
motor. Biochemistry 36, 2733–2743.
owles, M., and Karam, J. (1979). Expression of bacteriophage T4
genes 45, 44, and 62. II. A possible regulatory site between genes 45
and 44. Virology 94, 204–207.
BC
C
C
D
G
G
G
H
H
J
J
J
K
K
K
K
K
L
M
M
M
M
N
N
O
P
R
R
R
S
S
S
T
T
W
W
Y
Y
Y
73ASSEMBLY OF THE T4 CLAMP LOADER COMPLEXradford, M. M. (1976). A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein–dye binding. Anal. Biochem. 72, 248–254.
arlson, K. (1994). General Procedures. In “Molecular Biology of Bac-
teriophage T4” (J. D. Karam, Ed.), pp. 434–437. American Society for
Microbiology, Washington, DC.
arlson, K., and Miller, E. S. (1994). Working with T4. In “Molecular
Biology of Bacteriophage T4” (J. D. Karam, Ed.), pp. 421–434. Amer-
ican Society for Microbiology, Washington, DC.
asjens, S., and Hendrix, R. (1974). Comments on the arrangement of
the morphogenetic genes of bacteriophage lambda. J. Mol. Biol. 90,
20–25.
raper, D. E. (1996). Translation Initiation. In “Escherichia coli and
Salmonella” (F. C. Neidhardt, Ed.), pp. 902–908. American Society for
Microbiology, Washington, DC.
erald, W. L., and Karam, J. D. (1984). Expression of a DNA replication
gene cluster in bacteriophage T4: Genetic linkage and the control of
gene product interactions. Genetics 107, 537–549.
ogol, E. P., Young, M. C., Kubasek, W. L., Jarvis, T. C., and von Hippel,
P. H. (1992). Cryoelectron microscopic visualization of functional
subassemblies of the bacteriophage T4 DNA replication complex. J.
Mol. Biol. 224, 395–412.
uzman, L. M., Belin, D., Carson, M. J., and Beckwith, J. (1995). Tight
regulation, modulation, and high-level expression by vectors contain-
ing the arabinose pBAD promoter. J. Bacteriol. 177, 4121–4130.
su, T., and Karam, J. D. (1990). Transcriptional mapping of a DNA
replication gene cluster in bacteriophage T4: Sites for initiation,
termination, and mRNA processing. J. Biol. Chem. 265, 5303–5316.
urley, J. M., Chervitz, S. A., Jarvis, T. C., Singer, B. S., and Gold, L.
(1993). Assembly of the bacteriophage T4 replication machine re-
quires the acidic carboxy terminus of gene 32 protein. J. Mol. Biol.
229, 398–418.
acques, N., and Dreyfus, M. (1990). Translation initiation in Escherichia
coli: Old and new questions. Mol. Microbiol. 4, 1063–1067.
arvis, T. C., Paul, L. S., Hockensmith, J. W., and von Hippel, P. H. (1989).
Structural and enzymatic studies of the T4 DNA replication system. II.
ATPase properties of the polymerase accessory protein complex.
J. Biol. Chem. 264, 12717–12729.
arvis, T. C., Paul, L. S., and von Hippel, P. H. (1989). Structural and
enzymatic studies of the T4 DNA replication system. I. Physical
characterization of the polymerase accessory protein complex.
J. Biol. Chem. 264, 12709–12716.
aboord, B. F., and Benkovic, S. J. (1995). Accessory proteins function
as matchmakers in the assembly of the T4 DNA polymerase holoen-
zyme. Curr. Biol. 5, 149–157.
aboord, B. F., and Benkovic, S. J. (1996). Dual role of the 44/62 protein
as a matchmaker protein and DNA polymerase chaperone during
assembly of the bacteriophage T4 holoenzyme complex. Biochem-
istry 35, 1084–1092.
aram, J., Bowles, M., and Leach, M. (1979). Expression of bacterio-
phage T4 genes 45, 44, and 62. I. Discoordinate synthesis of the T4
45- and 44-proteins. Virology 94, 192–203.
elman, Z., and O’Donnell, M. (1994). DNA replication: enzymology and
mechanisms. Curr. Opin. Genet. Dev. 4, 185–195.
uriyan, J., and O’Donnell, M. (1993). Sliding clamps of DNA poly-
merases. J. Mol. Biol. 234, 915–925.
atham, G. J., Bacheller, D. J., Pietroni, P., and von Hippel, P. H. (1997).
Structural analyses of gp45 sliding clamp interactions during assem-
bly of the bacteriophage T4 DNA polymerase holoenzyme. III. The
gp43 DNA polymerase binds to the same face of the sliding clamp as
the clamp loader. J. Biol. Chem. 272, 31685–31692.
ace, D. C., and Alberts, B. M. (1984). The complex of T4 bacteriophage
gene 44 and 62 replication proteins forms an ATPase that is stimu-
lated by DNA and by T4 gene 45 protein. J. Mol. Biol. 177, 279–293.arsten, F. A. O. (1987). Eukaryotic polypeptides expressed in E. coli. In
“DNA Cloning: A Practical Approach” (D. M. Glover, Ed.), Vol. III, pp.
59–65. IRL Press, Oxford.
cCarthy, J. E., and Gualerzi, C. (1990). Translational control of prokary-
otic gene expression. Trends Genet. 6, 78–85.
orris, C. F., Hama-Inaba, H., Mace, D., Sinha, N. K., and Alberts, B.
(1979). Purification of the gene 43, 44, 45, and 62 proteins of the
bacteriophage T4 DNA replication apparatus. J. Biol. Chem. 254,
6787–6796.
ishimura, A., Morita, M., Nishimura, Y., and Sugino, Y. (1990). A rapid
and highly efficient method for preparation of competent Escherichia
coli cells. Nucleic Acids Res. 18, 61–69.
ossal, N. G. (1992). Protein-protein interactions at a DNA replication
fork: Bacteriophage T4 as a model. FASEB J. 6, 871–878.
’Donnell, M., Onrust, R., Dean, F. B., Chen, M., and Hurwitz, J. (1993).
Homology in accessory proteins of replicative polymerases–E. coli to
humans. Nucleic Acids Res. 21, 1–3.
iperno, J. R., and Alberts, B. M. (1978). An ATP stimulation of T4 DNA
polymerase mediated via T4 gene 44/62 and 45 proteins: The re-
quirement for ATP hydrolysis. J. Biol. Chem. 253, 5174–5179.
eddy, M. K., Weitzel, S. E., Daube, S. S., Jarvis, T. C., and von Hippel,
P. H. (1995). Using macromolecular crowding agents to identify weak
interactions within DNA replication complexes. Methods Enzymol.
262, 466–476.
eddy, M. K., Weitzel, S. E., and von Hippel, P. H. (1993). Assembly of a
functional replication complex without ATP hydrolysis: A direct inter-
action of bacteriophage T4 gp45 with T4 DNA polymerase. Proc.
Natl. Acad. Sci. USA 90, 3211–3215.
ush, J., Lin, T. C., Quinones, M., Spicer, E. K., Douglas, I., Williams,
K. R., and Konigsberg, W. H. (1989). The 44P subunit of the T4 DNA
polymerase accessory protein complex catalyzes ATP hydrolysis.
J. Biol. Chem. 264, 10943–10953.
exton, D. J., Carver, T. E., Berdis, A. J., and Benkovic, S. J. (1996).
Protein-protein and protein–DNA interactions at the bacteriophage
T4 DNA replication fork: Characterization of a fluorescently labeled
DNA polymerase sliding clamp. J. Biol. Chem. 271, 28045–28051.
picer, E. K., Nossal, N. G., and Williams, K. R. (1984). Bacteriophage T4
gene 44 DNA polymerase accessory protein: Sequences of gene 44
and its protein product. J. Biol. Chem. 259, 15425–15432.
tillman, B. (1994). Smart machines at the DNA replication fork. Cell 78,
725–728.
orgov, M. Y., Janzen, D. M., and Reddy, M. K. (1998). Efficiency and
frequency of translational coupling between the bacteriophage T4
clamp loader genes. J. Bacteriol. 180, 4339–4343.
rojanowska, M., Miller, E. S., Karam, J., Stormo, G., and Gold, L. (1984).
The bacteriophage T4 regA gene: Primary sequence of a transla-
tional repressor. Nucleic Acids Res. 12, 5979–5993.
iberg, J. S., and Karam, J. D. (1983). Translational regulation in T4
development. In “Bacteriophage T4” (C. K. Mathews, E. M. Kutter, G.
Mosig, and P. B. Berget, Eds.), pp. 193–201. American Society for
Microbiology, Washington, DC.
inter, R. B., Morrissey, L., Gauss, P., Gold, L., Hsu, T., and Karam, J.
(1987). Bacteriophage T4 regA protein binds to mRNAs and prevents
translation initiation. Proc. Natl. Acad. Sci. USA 84, 7822–7826.
ao, N., Turner, J., Kelman, Z., Stukenberg, P. T., Dean, F., Shechter, D.,
Pan, Z. Q., Hurwitz, J., and O’Donnell, M. (1996). Clamp loading,
unloading and intrinsic stability of the PCNA, beta and gp45 sliding
clamps of human, E. coli and T4 replicases. Genes Cells 1, 101–113.
eh, L. S., Hsu, T., and Karam, J. D. (1998). Divergence of a DNA
replication gene cluster in the T4-related bacteriophage RB69. J.
Bacteriol. 180, 2005–2013.
oung, M. C., Reddy, M. K., and von Hippel, P. H. (1992). Structure and
function of the bacteriophage T4 DNA polymerase holoenzyme. Bio-
chemistry 31, 8675–8690.
